ABSTRACT
A lthough in the past MS has been considered an inflammatory demyelinating disease affecting primarily the white matter of the central nervous system, currently, a substantial number of studies have established that gray matter is also involved in different stages of the disease. [1] [2] [3] [4] [5] Cortical and subcortical deep gray matter (SDGM) atrophy occurs also in the early stages of MS, and disability progression is significantly influenced by the neuronal loss of the gray matter. [6] [7] [8] Atrophy of the SDGM structures is associated with disability progression and cognitive dysfunctions and can also predict the conversion to clinically definite MS. [9] [10] [11] [12] An increasing body of evidence suggests that the atrophy of cortical and SDGM structures is associated with white matter lesion burden, 13 but the underlying pathophysiologic processes remain poorly understood. Secondary Wallerian degeneration is certainly implicated in neuronal damage of gray matter structures; however, it seems unlikely to be the sole cause of gray matter pathology. 4, 14 DTI is an advanced MR imaging technique that has been used in a number of in vivo and ex vivo studies. 15, 16 DTI measures are able to identify alterations outside the focal lesions in the so-called normal-appearing white matter and normal-appearing gray matter that remain largely undetected with conventional MR imaging in patients with MS. 17 There is a growing interest in studying the DTI alterations of the SDGM in the different stages of the MS disease process. Previous studies suggested that SDGM DTI abnormalities are also present in patients with clinically isolated syndrome 18, 19 and are associated with disability progression as well as cognitive dysfunctions in patients with MS. [20] [21] [22] [23] Although different studies have investigated the associations between white matter lesions, brain atrophy, and DTI alteration in patients with MS, [24] [25] [26] the same relationships were not extensively investigated in healthy people whose pathophysiologic alteration of the brain cannot be attributable to the inflammatory process in the central nervous system. Therefore, in the current study, we aimed to investigate volumetric and DTI global, tissuespecific, and regional brain differences in a large cohort of healthy control (HC) patients, patients with relapsing-remitting MS (RRMS), and patients with progressive MS (PMS). We hypothesized that microstructural abnormalities of SDGM structures detected by DTI techniques are associated with lesion burden, and with white matter and gray matter volume alterations in patients with MS. Another aim was to explore the same associations in the HC group.
MATERIALS AND METHODS

Patients
A total of 285 patients with MS according to the McDonald criteria 27 and 110 HC patients were recruited and underwent scanning by use of the same MR imaging protocol. They were classified as having RRMS, secondary-progressive MS, and primary-progressive MS. Participants were excluded if they had contraindications to MR imaging, had any pre-existing medical conditions known to be associated with brain pathology, had relapse (patients with MS), or were treated with steroids within the month preceding study entry. All patients underwent neurologic examination, and an Expanded Disability Status Scale assessment was obtained by an examiner blinded to their MR imaging characteristics. All HC patients also underwent both neurologic and clinical examinations. Moreover, we collected previous medical history, demographic, and physical data to evaluate the vascular risk factors. The internal Institutional Review Board approved the study protocol, and written informed consent was obtained from all participants.
MR Imaging Acquisition
All patients were examined on a 3T Signa Excite HD 12.0 Twin Speed 8-channel scanner (GE Healthcare, Milwaukee, Wisconsin) by use of an 8-channel head and neck coil. MR imaging sequences included multiplanar dual FSE proton attenuation and T2WI, FLAIR, 3D T1WI by use of a fast-spoiled gradient echo with magnetization-prepared inversion recovery pulse and spinecho T1WI both with and without a single dose of an intravenous bolus of 0.1 mMol/kg of gadolinium with diethylene triamine pentaacetic acid. Pulse sequence characteristics for 3T MR imaging were as follows: All scans were acquired with a 256 ϫ 256 matrix and a 25.6-cm FOV for an in-plane resolution of 1 ϫ 1 mm 2 with a phase FOV of 75% and 1 average. Sequence specific parameters were as follows: for the proton attenuation /T2:  3-mm-thick sections with no gap; TE1, 12 ms; TE2, 95 ms; TR,  3000 ms; echo-train length, 14; flip angle, 90°; for the FLAIR  scans: 3-mm thick sections with no gap; TE, 120 ms; TI, 2100 ms;  TR, 8500 
MR Imaging Analysis
Initial DTI processing was performed by use of the FMRIB Diffusion Toolbox (FSL; http://www.fmrib.ox.ac.uk/fsl). 28, 29 In brief, raw diffusion tensor images were eddy corrected to minimize gradient-related geometric distortions. Then, "dtifit" was used to fit a tensor model at each voxel, and scalar maps of fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD) were created. Subsequently, these maps were coregistered and resampled into the high-resolution 3D T1WI space by use of the B0 image as a reference. In this space, tissue segmentation and parcellation data were overlaid, and summary measures for each DTI metric were calculated on a region-by-region basis. The FSL registration tool FLIRT (http:// www.fmrib.ox.ac.uk/) was used with nearest-neighbor interpolation to bring the FIRST (version 1.2; http://fsl.fmrib.ox.ac.uk/fsl/ fslwiki/FIRST) masks and DWI data into a common space. The SIENAX Cross-Sectional Software Tool (version 2.6; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/SIENA) was used to estimate normalized gray matter volume, normalized white matter volume, normalized brain parenchymal volume, normalized lateral ventricular volume, and normalized cortical volume. Before segmentation, the 3D T1WI was modified by use of an in-house developed inpainting tool to avoid the impact of T1 hypointensities. 2 To segment SDGM structures, the FIRST tool on 3D T1WI was used. Specifically, the thalamus, caudate, putamen, globus pallidus, hippocampus, amygdala, and accumbens nucleus were identified in this way. T2-weighted hyperintense and T1-weighted hypointense precontrast and postcontrast lesion volume were assessed by use of a semiautomated edge detection contouring/thresholding technique.
2 T2 lesions were delineated on FLAIR images and were confirmed on proton attenuation and T2 images. T1-hypointense lesions were delineated on T1-spin-echo images, and T1-Gd lesions were delineated on postcontrast T1-spin-echo images.
Statistical Analysis
Analyses were conducted by PASW Statistics, version 18.0 (IBM, Armonk, New York). Distributions of volume and DTI data were tested for normality by use of the Shapiro-Wilk test. Demographic, clinical, and MR imaging differences between the groups were tested by use of the 2 test, the Student t test, and the MannWhitney U test in pair-wise comparisons, and ANOVA and the Kruskal-Wallis test for 3-way analyses, where appropriate.
We also performed linear regression analysis to evaluate the relationships between DTI variables and MR imaging metrics. In each analysis, DTI variables were the dependent variable. The analyses were age and sex adjusted in the HC group, and age, sex, disability level, and disease duration adjusted in the MS groups.
All P values were corrected for multiple comparisons by use of Benjamini-Hochberg correction. Nominal P values Ͻ .05 were regarded as significant, by 2-tailed testing.
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RESULTS
Demographic, Clinical, and Conventional MR Imaging Characteristics
Demographic, clinical, and conventional MR imaging characteristics of HC patients and patients with MS are shown in Table 1 . Patients did not significantly differ from the HC group in sex, age, or cardiovascular risk factors. The mean age of the patients with MS was 46.9 years (standard deviation, 8.2), 206 (72.3%) were women, the mean disease duration was 14.4 years (standard deviation, 9.1), and median Expanded Disability Status Scale score was 3.0. Of the 285 patients with MS in the study, 225 were receiving disease-modifying treatment, which included interferon-beta (n ϭ 94), glatiramer acetate (n ϭ 59), natalizumab (n ϭ 44), intravenous immunoglobulin (n ϭ 4), and combination therapy (n ϭ 24).
Demographic, clinical, and MR imaging characteristics were also compared between 210 patients with RRMS and 75 patients with progressive MS. The progressive MS group consisted of 58 patients with secondary-progressive MS and 17 with primary-progressive MS. As expected, the mean age, disease duration, Expanded Disability Status Scale score, and MR imaging measures were significantly different between the RRMS and PMS groups.
As expected, patients with MS showed significantly increased T2 lesion volume compared with HC patients (P Ͻ .001, Table 1 ). Patients with PMS showed significantly increased T2 lesion volume (P ϭ .001) and T1 lesion volume (P ϭ .037) compared with those in the RRMS group, whereas the RRMS group presented with significantly increased T1 gadolinium lesion volume (P ϭ .046). Table 2 shows the differences between HC patients and patients with MS in global, tissue-specific, and regional brain volume structures. Global and tissue-specific brain volumetric assessment showed a significant decrease of normalized gray matter volume, normalized brain parenchymal volume, normalized cortical volume, and a significant increase of normalized lateral ventricular volume (all P Ͻ .001) in the MS group. These patients also showed decreased total SDGM, caudate, globus pallidus, thalamus (all P Ͻ .001), putamen and hippocampus (both P ϭ .001), and nucleus accumbens (P ϭ .042). This is referenced in On-line Tables  1 and 2 .
Brain Volume Differences among Study Groups
Differences in DTI Measures among the Study Groups
DTI differences are shown in Table 3 . DTI FA, MD, AD, and RD differences in global and tissue-specific brain structures were in- vestigated among the HC, RRMS, and PMS groups. Significant differences were found in FA, MD, and RD in the global brain measures (P Ͻ .01), particularly in the normal-appearing brain tissue FA (P Ͻ .001), normal-appearing white matter FA (P Ͻ .001), normal-appearing brain tissue RD (P ϭ .001), and normalappearing white matter RD (P Ͻ .001). Only the normal-appearing gray matter AD was significantly different (P ϭ .011) among the groups.
The DTI MD, AD, and RD measures for total SDGM, caudate, thalamus, and hippocampus were significantly increased (P Ͻ .001) in patients with MS. FA was significantly decreased only in the thalamus (P ϭ .002) and hippocampus (P ϭ .047), and it was increased in the putamen (P ϭ .025) and nucleus accumbens (P ϭ .006).
Linear Regression between SDGM DTI and MR Imaging Measures
Linear regression analysis included only DTI variables of SDGM regions, which were significantly different among the 3 study groups from the ANOVA analyses. Associations of these significant SDGM DTI measures were then used to find associations with lesion volume, normalized white matter volume, and normalized cortical volume. The associations between SDGM DTI measures and MR imaging metrics in HCs are described in Table  3 and Figs 1-3. Significant associations were identified between the MD, AD, and RD of SDGM structures but not FA, and a decrease in normalized white matter volume (P Ͻ .001) and normalized cortical volume (P ϭ .033) with the exception of hippocampus. No significant associations were detected between DTI measures and T2 lesion volume.
Linear regression analysis in the RRMS and PMS groups is shown in Tables 4 and 5 as well as Figs 1-3 , respectively. Increased MD, AD, and RD variables were strongly associated with decreased normalized white matter volume in the RRMS and PMS groups (all P Ͻ .001), but no significance was detected for the normalized cortical volume. The FA showed fewer significant results. T1 lesion volume and T2 lesion volume were associated with most of the examined SDGM structure DTI measures.
DISCUSSION
Understanding the pathophysiology of gray matter degeneration and the relationship between focal lesions and distant tissue alterations in the gray matter is important to determine the right treatment strategies that can prevent clinical progression in patients with MS. It has been shown that development of gray matter pathology is associated with the progression of physical and cognitive disability in both cross-sectional and longitudinal studies. [1] [2] [3] [4] [8] [9] [10] [11] [12] 20, 31 In this study, we used DTI on 3T MR imaging to investigate structural brain changes in a large cohort of HC patients and patients with MS. Then, we focused on the SDGM structures to investigate the association between their DTI alterations and lesion burden, white matter, and cortical atrophy among the study groups. To better evaluate the microstructural damage of SDGM structures, we studied the diffusivity in the axial and radial directions to detect differences that may be underestimated by the MD measures. The findings confirmed that brain gray matter is not spared by the MS pathologic process. 3 We found widespread DTI alterations in the global and tissue-specific brain structures among patients in the RRMS and PMS groups. In agreement with previous studies, the FA, MD, and RD were found to be significantly different in the normal-appearing brain tissue, normalappearing white matter, and normal-appearing gray matter. [32] [33] [34] In line with another study, 35 the AD was significantly different in the normal-appearing gray matter but not in the normal-appearing white matter or the normal-appearing brain tissue. In accordance with a prior study, normal-appearing white matter MD was increased and was dominated by increased RD with no significant change in AD among the 3 groups. 36 Also, in alignment with the results from previous studies, 21, 23 we detected a significant increase of MD, AD, and RD in the total SDGM, caudate, thalamus, and hippocampus in patients with RRMS and particularly in patients with PMS. FA was significantly decreased in the thalamus and hippocampus of patients with MS as reported previously 21, 37 and significantly increased in the putamen and nucleus accumbens. Despite the extensive investigation of DTI abnormalities in the thalamus and other SDGM structures, FA has limitations in the study of gray matter structures; therefore, anisotropic findings remain conflicting.
38-40 Our present study supports results from previous studies, which point toward the thalamus as one of the most affected SDGM structures. 21, 37 A significant issue to be clarified is related to the pathophysiology of the SDGM involvement and its associations with inflammatory and degenerative pathology. The inflammatory process seems to be an important contributor to the atrophy of gray matter, and previous studies have already established the spatial and temporal relationship between T2 lesion burden and gray matter volume loss. 13, 26 The main objective of this study was to further investigate this issue, which included a large cohort of HC patients and patients with MS. To the best of our knowledge, this has not been previously studied in the HC patients. Our results suggest that lesion burden is related to SDGM diffusivity in patients with MS and particularly in the progressive type, where we found modest associations. However, at best, these associations explained 25%-30% of the variance. In support of this, other studies showed that an increase in thalamic DTI diffusivity and in myo-Inositol also correlated with T2 lesion volume in patients with MS. 23 On the contrary, we did not detect a significant correlation among SDGM DTI measures and lesion burden in the HC group, as expected. These results support the hypothesis that the structural damage of white matter connections could lead to trans-synaptic axonal degeneration and retrograde degeneration of neurons with alteration of the microstructural architecture of SDGM structures.
To better understand the differences in SDGM DTI abnormalities between patients with MS and HC patients, we investigated the relationship between white matter and cortical atrophy, to evaluate if the DTI alterations are also associated with atrophy in these structures. Some studies have recently demonstrated that thalamic DTI alterations are related to aging in HC patients. 41, 42 Linear regression analysis in the present study, adjusted for age and sex, demonstrated significant associations among increased diffusivity of the SDGM structures and white matter and cortical atrophy in the HC group. Indeed, these are important findings that have not been previously reported in healthy patients. These findings suggest that neuronal and axonal loss leading to white matter and cortical atrophy is modestly related to microstructural changes of the SDGM in HC patients. In contrast, we found SDGM DTI diffusivity associations with white matter atrophy in MS groups but not with cortical atrophy. DTI alterations of the SDGM structures seem to be more influenced by degeneration of the white matter network exemplified by accumulation of lesion burden, but not by the neuronal loss of the cortical gray matter. A previous study also did not detect a relationship between normal-appearing gray matter diffusivity changes and gray matter volume. 43 Taken together, these results suggest that SDGM DTI alterations are not associated with gray matter atrophy.
Although we detected uniformly consistent associations in regression analyses for MD, AD, and RD measures, those for FA measures were not particularly consistent in both groups.
A limitation of our current study concerns the absence of longitudinal investigations that could better explain the relationship among accumulation of lesion burden, development of white matter, and cortical and DTI alterations of the SDGM in patients with MS and in healthy patients. In addition, we performed DTI acquisition with larger voxel sizes that could lead to some potential bias of acquisition data of the normal-appearing gray matter measures, especially in the cortical structures with a thickness Ͻ 3 mm. Moreover, we did not investigate clinical correlation with DTI measures, as these were considered out of the current scope of our study. However, our present study confirmed that SDGM DTI alterations were present in different MS clinical phenotypes of the disease and were more pronounced in patients with PMS.
CONCLUSIONS
DTI alterations of the SDGM in patients with MS are related to white matter lesion burden and atrophy but not to cortical atrophy. On the contrary, there was an association of SDGM DTI metrics with white matter and cortical atrophy in the HC group. Note:-NCV indicates normalized cortical volume; NWMV, normalized white matter volume; T1-LV, T1 lesion volume; T2-LV, T2 lesion volume. Regression analysis was adjusted for the effects of age, sex, disability level, and disease duration. All P values were corrected for multiple comparisons using Benjamini-Hochberg correction. * indicates significant P values (P Ͻ .05) after correction. Note:-NCV indicates normalized cortical volume; NWMV, normalized white matter volume; T1-LV, T1 lesion volume; T2-LV, T2 lesion volume. Regression analysis was adjusted for the effects of age, sex, disability level, and disease duration. All P values were corrected for multiple comparisons using Benjamini-Hochberg correction. * indicates significant P values (P Ͻ .05) after correction.
Further longitudinal and postmortem studies need to shed light on the pathogenesis of SDGM and cortical degeneration in patients with MS.
